We present results on evolving geometrical and material properties of large strike-slip fault zones and associated deformation fields, using 3-D numerical simulations in a rheologically-layered model with a seismogenic upper crust governed by a continuum brittle damage framework over a viscoelastic substrate. The damage healing parameters we employ are constrained using results of test models and geophysical observations of healing along active faults. The model simulations exhibit several results that are likely to have general applicability. The fault zones form initially as complex segmented structures and evolve overall with continuing deformation toward contiguous, simpler structures. Along relatively-straight mature segments, the models produce flower structures with depth consisting of a broad damage zone in the top few kilometers of the crust and highly localized damage at depth. The flower structures form during an early evolutionary stage of the fault system (before a total offset of about 0.05 to 0.1 km has accumulated), and persist as continued deformation localizes further along narrow slip zones. The tectonic strain at seismogenic depths is concentrated along the highly damaged cores of the main fault zones, although at shallow depths a small portion of the strain is accommodated over a broader region. This broader domain corresponds to shallow damage (or compliant) zones which have been identified in several seismic and geodetic studies of active faults. The models produce releasing stepovers between fault zone segments that are locations of ongoing interseismic deformation. Material within the fault stepovers remains damaged during the entire earthquake cycle (with significantly reduced rigidity and shearwave velocity) to depths of 10 to 15 km. These persistent damage zones should be detectable by geophysical imaging studies and could have important implications for earthquake dynamics and seismic hazard.
Introduction
Understanding the geometrical and mechanical properties of fault zones is important for many geoscience fields, including earthquake mechanics, crustal hydrology and mineral exploration. Since crustal faults generally grow and evolve through repeated earthquake ruptures, there are fundamental feedback mechanisms between the earth-quakes sustained by a fault and its structural evolution. Observational and theoretical studies indicate that the temporal and frequency-size statistics of earthquakes change as faults evolve with cumulative slip, from disordered structures to more regular mature fault zones (e.g., WESNOUSKY, 1994; BEN-ZION, 1996; STIRLING et al., 1996; LYAKHOVSKY et al., 2001) . The evolution of the permeability structures around large faults affects the fluid flow properties of the crust and deposition of minerals (e.g., MICKLETHWAITE and COX, 2004) . The evolving fluid flow regime influences in turn the mechanics of earthquakes and faults (e.g., HICKMAN et al., 1995 and references therein) . Fault stepovers and other geometrical heterogeneities affect the initiation, propagation and termination of earthquakes (e.g., SIBSON, 1985; KING, 1986; HARRIS and DAY, 1999; OGLESBY et al., 2003; WESNOUSKY, 2006) . Contrasts of elastic and permeability properties across faults affect the mode and properties of dynamic ruptures, seismic radiation and aseismic slip (e.g., BEN-ZION and ANDREWS, 1998; RUDNICKI and RICE, 2006; YAMASHITA, 2007; AMPUERO and BEN-ZION, 2008; DUNHAM and RICE, 2008) .
Detailed mapping of several exhumed fault zones (e.g., CHESTER et al., 1993; EVANS et al., 2000; SIBSON, 2003) and additional observations summarized by BEN-ZION and SAMMIS (2003) indicate that the internal structure of fault zones evolves from an early stage associated with distributed deformation and band-limited fractal structures at several hierarchies, through localization to principal slip zones, to a mature stage characterized by large-scale faults with tabular damage zones and narrow cores of ultracataclasites. However, the ranges of conditions over which such evolution takes place, and the coupling between the evolving structures and distributions of crustal stress and strain, are not well understood. Various studies attempted to model changes of fault properties with ongoing deformation. For example, OLSON and POLLARD (1989) modeled the evolution of joints based on linear elastic fracture mechanics. COWIE et al. (1993) simulated evolving geometrical properties of fault networks using a scalar elastic field on a lattice model with spring-like elements. ANDREWS (2005), BEN-ZION and SHI (2005) and TEMPLETON and RICE (2008) simulated the generation of off-fault plastic strain during propagation of dynamic ruptures on frictional faults surrounded by a solid governed by Coulomb plastic yielding. While these studies provide important insights for various topics, they do not account for the evolution of elastic properties that accompanies the generation of cracking and inelastic strain, and they are also typically done within 2-D ''plane strain'' frameworks.
In the present work we attempt to understand some general aspects of the evolution of large strike-slip fault zone structures. The study is based on three-dimensional numerical simulations with a regional lithospheric model consisting of a seismogenic crust governed by damage rheology over a viscoelastic substrate (BEN-ZION and LYAKHOVSKY, 2006) . Using this framework with parameters constrained by laboratory and geophysical observations, we examine the evolving geometrical and elastic properties of fault zones and the associated deformation patterns.
In the next section we summarize observational results on fault zone structures that are relevant to our study. In Section 3 we review the damage rheology framework and
